Several epidemiology studies have reported a positive relationship between smoking and dental caries. Nicotine, an alkaloid component of tobacco, has been demonstrated to stimulate biofilm formation and metabolic activity of Streptococcus mutans, one of the most important pathogens of dental caries. The first aim of the present study was to explore the possible mechanisms leading to increased biofilm by nicotine treatment from three aspects, extracellular polysaccharides (EPS) synthesis, glucosyltransferase (Gtf) synthesis and glucan-binding protein (Gbp) synthesis at the mRNA and protein levels. The second aim was to investigate how nicotine affects S. mutans virulence, particular in lactate dehydrogenase (LDH) activity. Confocal laser scanning microscopy results demonstrated that both biofilm bacterial cell numbers and EPS were increased by nicotine. Gtf and GbpA protein expression of S. mutans planktonic cells were upregulated while GbpB protein expression of biofilm cells were downregulated by nicotine. The mRNA expression trends of those genes were mostly consistent with results on protein level but not statistically significant, and gtfD and gbpD of biofilm cells were inhibited. Nicotine was not directly involved in S. mutans LDH activity. However, since it increases the total number of bacterial cells in biofilm, the overall LDH activity of S. mutans biofilm is increased. In conclusion, nicotine stimulates S. mutans planktonic cell Gtf and Gbp expression. This leads to more planktonic cells attaching to the dental biofilm. Increased cell numbers within biofilm results in higher overall LDH activity. This contributes to caries development in smokers.
Introduction
Dental caries, also known as tooth decay, is a chronic progressive disease demonstrated by tooth hard tissue loss caused by acid dissolution. Hydroxyapatite, which composes approximately 96% of tooth hard tissue, is soluble if the pH is less than 5.5 (1). Streptococcus mutans and Lactobacilli are the bacteria chiefly responsible for acid generation in caries lesions (2) , and the presence of S. mutans is 70 times higher in caries-affected subjects than that in caries-free subjects (3).
Smoking is one of the leading causes of human death. Along with lung cancer, vascular stenosis, heart attacks and periodontal disease, dental caries has been reported to be associated with smoking all over the world, including Swedish and US smokers, Mexican truck drivers, Turkey and Japanese children, and Italy military personnel (4) (5) (6) (7) (8) (9) . A recent study in Japan demonstrated smokers received more caries/endodontic treatment than non-smokers (10) .
Nicotine, an alkaloid accounting for 0.6-3% of tobacco, has been reported to promote S. mutans biofilm formation and biofilm cell metabolism (11) . The nicotine concentration in saliva varies from 0 to 2.27 mg/ml in different subjects (12) (13) (14) (15) , and heavy smokers usually have high nicotine concentrations in their saliva (14) . The major components of bacterial biofilm are bacterial cells, polysaccharides, proteins, lipids, extracellular DNA (eDNA), lipoproteins, lipooligosaccharides (16) . Bacterial cells and extracellular polysaccharides (EPS) are the major components of biofilm matrix by dry weight. S. mutans EPS is synthesized by glucosyltransferase (Gtf) (17) . There are three antigen groups related to S. mutans adhesion, antigen I/II, Gtfs and glucan-binding protein (Gbp). Antigen I/II is chiefly related to sucroseindependent binding. Gtfs and Gbps are chiefly related to sucrose-dependent binding, a major virulence factor of S. mutans. Another major S. mutans virulence factor is its ability to generate lactic acid, which is regulated by S. mutans lactate dehydrogenase (LDH). LDH and lactic acid facilitates S. mutans to dissolve tooth minerals and cause dental caries. The aims of the present study were to investigate how nicotine affects S. mutans bacterial cell number and EPS synthesis within biofilm, and whether nicotine contributes to S. mutans LDH activity.
Materials and Methods

Chemicals, Bacterial Strains and Growth Conditions
(-)-Nicotine (>99% (GC), liquid) was purchased from Sigma-Aldrich (St Louis, MO, USA). Nicotine, instead of smoking extract, was used because its chemical characteristics are specified. A single colony of S. mutans strain UA159 (ATCC 700610) was inoculated in tryptic soy broth (TSB) overnight before use. For each treatment, 1.0×10 6 CFU/ml S. mutans was used.
Unless otherwise stated, the incubation atmosphere was 95% air/5% CO2 at 37°C.
Confocal Laser Scanning Microscopy (CLSM)
S. mutans was grown in TSB plus 1% sucrose (TSBS) with 0, 1, 2 and 4 mg/ml nicotine The image processing and analysis program was written according to Heydorn's principles (19) by MATLAB ® R2012a (The MathWorks, Inc.) via the codes reported before (20) . 
Western Blotting
Quantitative-PCR (q-PCR)
The q-PCR protocol described previously was followed (20 estimate a unit cell of LDH activity. The crystal violet assay was processed as described before (11) .
Statistical Analysis
Each experiment was independently repeated at least three times. All the experiments, except q-PCR, One-way Analysis of Variance (ANOVA) and the Tukey's multiple-comparisons test were used for statistical analysis by SPSS 20.0 (SPSS Inc., Chicago, IL, USA). Student t-test was used for q-PCR data analysis. The level of significance was set at P < 0.05.
Results
Confocal Laser Scanning Microscopy (CLSM)
Both S. mutans bacterial cell numbers and EPS synthesis were increased by nicotine treatment. Bacterial cells in the 0 nicotine controls were spread out with several small aggregates, while the cells in the nicotine treated samples were more aggregated and contained larger aggregates (Fig. 1 ). There were less blank areas, which are indicative of biofilm channels, in the nicotine-treated groups than the non-treated groups. These results are consistent with previous scanning electron microscopy (SEM) data (11) . Bacterial cell and EPS volumes were significantly increased in the 2 and 4 mg/ml nicotine groups. Bacteria and EPS coverage demonstrated a trend to be increased by nicotine treatment, but only bacterial cell coverage at 4 mg/ml was statistically significant. Biofilm thickness was significantly increased at 4 mg/ml (Table 2) .
Western Blotting
The GbpA and GbpB expression of planktonic cells was 8.1 and 2.5 fold higher than that of biofilm cells (Fig. 2, panel A) . The Gtfs of biofilm cells was difficult to detect loading 3 μg of sample and its data was not included. Planktonic cell GbpA expression was significantly increased up to 4.0 fold by nicotine, Gtfs expression was increased up to 2.2 fold but this was not statistically significant, and GbpB was unchanged (Fig. 2, panel B) . Biofilm cell GbpA was unchanged while GbpB was decreased up to 75% by nicotine treatment (Fig. 2, panel C) .
q-PCR
The mRNA level of planktonic cells gtfC, gbpA and gbpB was increased 1.2 to 2 fold by nicotine, but none of the augmentation was statistically significant due to the large standard deviations (Fig. 3) . The mRNA level of biofilm cells gtfB, gtfC, gtfD, gbpB and gbpD was 0.46 to 0.88 fold significantly decreased by nicotine. No significant genomic DNA was detected in the original RNA samples.
LDH Assay
S. mutans biofilm overall LDH activity was significantly increased at 1, 2 and 4 mg/ml nicotine (Fig. 4) . However, after adjustment by the biofilm volume, which was determined by crystal violet assay (data not shown), there was no difference among those groups. This indicates nicotine does not directly affect LDH activity of S. mutans, but with the increased bacterial cell number by nicotine treatment, the overall biofilm LDH activity was increased.
Discussion
This is a follow up study of a previous report (11) . In the previous study, we demonstrated nicotine stimulates S. mutans biofilm formation and metabolism. SEM results indicated there were more bacterial cells and biofilm matrix in nicotine treated groups than the control group. However, the quantitative number of bacterial cells and EPS were unknown, and the detailed mechanisms for increased biofilm formation was not explored. Therefore, the present study was designed to address those questions.
From the CLSM results, both bacterial cells and EPS were significantly increased by nicotine treatment. To better understand biofilm structure, two parameters were used to interpret the figures. The first parameter is volume, which is calculated by adding the color intensity of each pixel on the image. This represents total cell numbers. The second parameter is coverage, which is calculated by counting the presence of color at each pixel site. For the image analysis, we used Heydorn's principles (19) . But since theirs were 3-dimensional images and ours are 2-dimensional images, we deleted the z-axis factor from our algorithm. For bacterial cells, both volume and coverage were increased in a nicotine dependent manner ( Fig. 1 and Table 2 ). This demonstrates that as more bacterial cells attach to the biofilm they occupy more space. For EPS, unlike bacterial cells, only EPS volume was increased with nicotine treatment. The coverage data indicated an increased trend but this was not statistically significant. The ratio of EPS/bacteria was not changed in 1 or 2 mg/ml nicotine groups but significantly increased in the 4 mg/ml nicotine group, this indicates the increased EPS was due to the nicotine treatment. EPS is essential for bacterial adhesion-cohesion, and it plays a critical role in creating low pH microenvironments and providing binding sites for bacterial attachment (24) . EPS also serves as a local sugar reservoir that can be fermented to acids, which contributes to caries development (17, 24) . Therefore, the increased EPS synthesis by nicotine may increase smokers' caries risk.
Gtfs are a family of enzymes that catalyze the transformation of glucosyl groups from one chemical component to another and contributes to S. mutans cariogenicity (25) . S. mutans expresses three distinct Gtfs, GtfB, GtfC and GtfD. They are encoded by gtfB, gtfC and gtfD, respectively. GtfB and GtfC are encoded by highly homologous genes and they primarily synthesize α-1,3-rich water-insoluble polysaccharide (26, 27) , while GtfD is responsible for the synthesis of α-1,6-rich water-soluble polysaccharides (28) . Although the roles of Gtfs are different from each other, their functions actually overlap as the water-soluble polysaccharide synthesized by GtfD is the primer for GtfB (29) . The Gtfs (GtfB and GtfC) protein expression was very low in biofilm cells such that it could hardly be detected when similar amounts of biofilm cell total protein were loaded with planktonic cell total protein (data not shown).
Planktonic cell Gtfs proteins were significantly increased at 2 and 4 mg/ml nicotine (Fig. 2 , Panel C). In particular, the GtfC band (lower band in Western blot results) indicated more significant changes than the GtfB band (upper band). This is consistent with gtfB and gtfC gene expression (Fig. 3) . The gtfD expression of planktonic cells was also demonstrated by an upregulation trend with nicotine treatment, but none of the gtfs upregulation was significant due to the large standard deviations. Typically, the RNA extraction from planktonic cells is easier than that from biofilm cells (30) . But with the presence of sucrose, planktonic cell RNA extraction becomes more difficult than biofilm cell RNA extraction. Several solutions were tried, such as increasing lysing time, increasing sonication time, adjusting cell numbers, or extraction 13 with chloroform, but none of them worked. It was interesting that nicotine stimulated planktonic cell gtfs but inhibited biofilm cell gtfs (Fig. 3) . S. mutans biofilm cell protein synthesis has been reported to be different from planktonic cell protein synthesis, such as glycolytic enzymes related to acid formation were inhibited in biofilm cells (31) . gtfs expression was 2-3 fold lower in nonnicotine treated biofilm cells than planktonic cells (data not shown). One possible explanation for this phenomenon is the regulation effect of the S. mutans quorum sensing (QS) system, which senses microbial cell numbers, environmental stresses, carbohydrate types and its quantity (32) .
In planktonic status, the cell density was not changed (11) , therefore the QS system does not work and the net stimulation effect of nicotine on gtfs is observed. But in biofilm status, increased cell density leads to QS system regulation that turned on the gtfs downregulation pathway to limit more biofilm cell accumulation. This decrease caused by the QS system offset the effect of nicotine on gtfs.
Theoretically, Gtfs belong to the Gbps family because they are related to cell binding.
But in most literature, Gbps are defined as non-Gtf glucan-binding proteins that serve as cellsurface receptors for glucan (33) . GbpA and GbpD share homology of glucan-binding domains with Gtfs. The gbpA knockout mutant strain forms a smoother biofilm than the wild type (34).
That means gbpA makes biofilm coarse. Planktonic GbpA was increased four fold by nicotine (Fig. 2, panel C) and the gbpA also demonstrated a nicotine upregulation trend (Fig. 3) . Those upregulations were correlated to the more aggregated and coarse biofilm surface observed in the CLSM (Fig. 1) and SEM results (11) . GbpB is involved in bacterial cell-wall synthesis (35) . The
GbpB and gbpB expression in biofilm cells were significantly decreased with nicotine treatment.
This decrease might be caused by autoinducer-2 (AI-2), a signaling molecule of QS system, which has been speculated to regulate gtfs and gbps expression (33) . Since there is increased EPS in the biofilm with nicotine treatment (Fig. 1) , AI-2 downregulates GbpB expression. GbpC, which is related to bacterial biofilm structure (33) , is not significantly affected by nicotine. The function of GbpD is similar to Gtfs and GbpA serving as a glucan-binding enzyme (33) , and the effect of nicotine on gbpD is similar to gtfs and gbpA as well (Fig. 3) . GbpA and GbpB expression in planktonic cells were eight and three fold higher than that in biofilm cells, respectively (Fig. 2, panel A) , because of the absence of QS system in planktonic cells.
Unfortunately no GtfD, GbpC and GbpD protein data was available due to the lack of primary antibodies. Since the gene and protein regulation happens before the final phenotype is observed, 12 hour samples was used for the Western blot and q-PCR while 24 hours samples was used for other experiments.
LDH is the enzyme that catalyzes the conversion of pyruvate to lactate with concomitant interconversion of NADH and NAD + and produces lactic acid as the final product (36) . S.
mutans produces LDH constitutively if the fructose-1,6-diphosphate is present in adequate amounts (37) as the catalytic activity of LDH requires the presence of fructose-1,6-diphosphate in a pH range of 5 to 6.2 (36) . LDH deficiency is lethal to S. mutans due to accumulated toxic intermediate products such as pyruvate (38, 39) . Since LDH activity is directly related to S. mutans lactic acid production, LDH is considered one of S. mutans major virulence factors.
Although nicotine does not directly regulate S. mutans LDH activity (Fig. 4, panel B) , nicotine increases total bacterial cells in the biofilm, the overall LDH activity is increased (Fig. 4, panel   A) . S. mutans biofilm lactate generation was significantly increased with 1 mg/ml nicotine treatment (unpublished data).
In conclusion, nicotine stimulates S. mutans planktonic cell Gtfs and Gbps expression.
This leads to more planktonic cells attaching to dental biofilm. Increased cell numbers within biofilm result in higher overall LDH activity. More lactic acid may generated and contribute to caries development in smokers. 
